The Higgs effective potential in the Littlest Higgs model at the one-loop level 
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In this work we compute the contributions to the Higgs effective potential coming from the 
fermion and gauge boson sectors at the one-loop level in the context of the SU(5)/SO(5) Littlest 
Higgs (LH) model using a cutoff A and including all finite parts. We consider both, the (SU(2) x 
f/(l))i x {SU(2) x U(l)) 2 and the (SU{2) x U(l))i x (5(7(2) x (7(1)) gauge group versions of the 
LH model. We also show that the Goldstone bosons present in the model do not contribute to the 
effective potential at the one- loop level. Finally, by neglecting the contribution of higher dimensional 
operators, we discuss the restrictions that the new one-loop contributions set on the parameter space 
of the LH model and the need to include higher loop corrections to the Higgs potential. 

PACS numbers: 95.35.+d, ll.25.-w, ll.10.Kk 
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INTRODUCTION 

The quadratically divergent contributions to the Higgs 
mass and the electroweak precision observables imply 
different scales for physics beyond the Standard Model 
(SM), the first one below 2 TeV and the second above 10 
TeV. This is the so called little hierarchy problem. An 
interesting attempt to solve it, inspired in an old sugges- 
tion by Georgi and Pais is the Littlest Higgs model 
(LH) [2j which is based on a SU(h)/SO(5) non-sigma 
linear model (see Q and 0] for recent reviews). Being 
a Goldstone boson (GB) associated to this spontaneous 
symmetry breaking, the Higgs is massless in principle. 
However one-loop corrections produce a logarithmically 
divergent Higgs mass that could be compatible with the 
present experimental bound of about 200 GeV. The oth- 
ers GB present in the model get quadratically divergent 
masses at the one-loop level becoming very massive or 
give masses to the SM and other additional gauge bosons 
present in the model through the Higgs mechanism. All 
of these new states could give rise to a very rich phe- 
nomenology that could be proved at the CERN Large 
Hadron Collider (LHC) [|. 

From the LH model it is possible, at least in principle, 
to compute the Higgs low-energy effective potential. Ob- 
viously this effective potential should reproduce the form 
of the SM potential, i.e.: 



V eff (H) = -fi 2 HH^ + \{HH^f 



(1) 



where H = (H°,H + ) is the SM Higgs doublet and \i 2 
and A are the well known Higgs mass and Higgs selfcou- 
pling parameters. Notice that, in order to have sponta- 
neous symmetry breaking of the electroweak symmetry, 
fj, 2 must be negative and A must be positive to have a 
well defined energy minimum. In addition these parame- 
ters should reproduce the SM relation m 2 H = 2Xv 2 = 2/i 2 



where m# is the Higgs mass and v is the vacuum expec- 
tation value (vev). 

In principle fj 2 and A receive contributions from 
fermion, gauge boson and scalar loops, besides others 
that could come from the ultraviolet completion of the 
LH model 6]. In this work we continue our program 
consisting in the computation of the relevant terms of 
the Higgs low-energy effective potential and their phe- 
nomenological consequences including new restrictions 
on the parameter space of the LH model. 

In particular we will study the consistency of the elec- 
troweak symmetry breaking with the present experimen- 
tal data in the case in which, for the sake of simplicity, 
one neglects the contribution of higher dimensional oper- 
ators coming from the ultraviolet completion of the LH 
model that are generically present. 

In 0] we obtained the (one-loop) contribution com- 
ing from the third generation quarks t and b plus the 
T quark present in the LH model. This contribution is 
essential since it provides the right positive sign for [x 2 
being other contributions negative. Here we complete the 
one-loop computation of the Higgs potential by including 
also gauge bosons and clarifying the role of the GB at this 
level. We also discuss the validity of the one-loop poten- 
tial and the necessity of including some important higher 
loop contributions to reproduce the expected value of the 
Higgs mass. 

The paper is organized as follows: In Section 2 we 
briefly review the LH model and set the notation. In 
section 3 we study the LH model as a gauged non-linear 
sigma model (NLSM). In particular we pay attention to 
the problem of the quartic divergencies appearing when a 
cutoff A is used to regulate the divergences of the model 
and we show how they cancel at the one-loop level. We 
also obtain the gauge fixing and Faddeev-Popov terms 
appropriate for the calculation of the different gauge bo- 
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son loops appearing latter in our computations. In Sec- 
tion 4 we compute the effective potential at the one-loop 
level. Section 5 is devoted to a discussion of our results 
and the constraints that our computation establishes on 
the LH parameters. Finally, in Section 6 we present the 
main conclusions of this paper and the prospects for fu- 
ture work. 



where g and g' are the gauge couplings, = ct?-/2, 

for i,j = 1,2, Q a 2ij = a?*/2 for i,j = 4,5 and 
zero otherwise, Y\ = diag(— 3, — 3, 2, 2, 2)/10 and Y 2 = 
diag(— 2, — 2, — 2, 3, 3)/10. Diagonalizing the gauge bo- 
son mass matrix in this Lagrangian one realizes that the 
W and B SM gauge bosons are massless and the W and 
B' gauge bosons have masses: 



SETTING OF THE LITTLEST HIGGS MODEL 

As it is well know the low energy dynamics of the LH 
model can be described by a (£77(2) x U(l)) x x (517(2) x 
U{1))2 gauged non-linear sigma model based on the coset 
K = G/H = SU(5)/SO(5). The Goldstone boson fields 
can be disposed in a 5 x 5 matrix £ given by: 



V 2in//v 



where: 



Sn = 




(2) 



(3) 



has the proper SU (5) symmetry breaking structure with 
1 being the 2x2 unit matrix, and 



( * 7§^ 



n 







(4) 



??diag (1,1,-4,1,1)., 



Here H = (H°, H + ) is the SM Higgs doublet, 77 is the real 
scalar and £ and <p are the real triplet and the complex 
triplet respectively: 




and 



V2 V 



(•5) 



(0) 



The gauged non-linear sigma model lagrangian describ- 
ing the low-energy GB and gauge boson dynamics is given 
by: 

Lo = ^tr[( J D M S)( J D"S)t]. (7) 

The covariant derivative is defined as: 

2 

i=i 

2 

- i^g',!!,!)^: • £Y/) (8) 



Mw = fy/& + 5 2 2 /2 ; M B , = + g 2 2 /V20. (9) 

The gauge bosons mass eigenstates are defined such as: 



W a = cpWf + s^W? 
W' a = s^WZ-c^W* 



(10) 



where 



s^p = sintp = 
Cip = cosip = 



,9i 



VoT+gl 
92 

Vti + g'i 



(11) 



and 



B = c^B, + s'^B 2 
B' = ^77! - c'^W 2 



(12) 



with 



= sin?/;' = 
c'^ = cos ip' — - 



9\ 



\f9'i+g'i 

9*2 

9'i+9'i 



(13) 



A modified version of the LH model, such that the 
gauge subgroup of 517(5) is [5f7(2) x 5*7(2) x U(1) Y ] 
rather than [SU(2) x U(1)y} 2 , has also been intro- 
duced :8l. In this case, the covariant derivative is defined 



as: 



D M E = d^-iJ29jW?(Q^+i;Qf)-ig , B(YZ+i;Y T ) . 

i=i 

(14) 

where the generators Qj are the same as in the previous 
case, and Y = |diag(— 1, — 1,0, 1, 1). The field content 
of the matrix n in £ is the same as in the LH model but 
there is no B now. We consider in our analysis these two 
different models: the original LH with two U(l) groups 
(Model T) and the other one with just one C7(l) group 
(Model IT). 

Then, at the tree level, the SU(2) L x U(1) Y SM gauge 
group remains unbroken. The spontaneously symmetry 
breaking of this group is expected to be produced in prin- 
ciple radiatively, mainly due to the effect of the virtual 
quark fields from the third generation, which give rise 
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to an appropriate effective potential for the SM Higgs 
doublet. These quarks will initially be denoted by u and 
b and the additional vector-like quark will be denoted 
by U. The interactions between these fermions and the 
Goldstone bosons are given by the Yukawa Lagrangian: 

T - Al 
K _ — 2 

(15) 

where m, n = 4, 5, i,j = 1, 2, 3, and 



- fuR£ mn eijk£>imX>jnXLk ~ MfU R U L + h.C 



u R = ct R + sT R , 
U R = -st R + cT R , 



(16) 



with: 



A 2 



COS — 



Ai 

v/aT+a!' 



and 



XL 





(17) 



(18) 



L \ I L 

Here b , t and T are the mass eigenvectors coming from 
the mass matrix included in the Yukawa Lagrangian with 
eigenvalues: m t = nib = and tut = fy/^f + A~f. Notice 
that, contrary to the quark T which is massive already 
at this level, the t quark is massless and acquires mass 
only when the electroweak symmetry is broken. 
Then, the Yukawa Lagrangian can be written as: 



^Yuk = XRhxsXL + h.c. 



(19) 



with 




and 13^3 the Higgs-quark interaction matrix is given by 

,(20) 



-V2\ iC h°o -V2Ai Cj ff+e Aic^e' 



i = 















-V2Ai Sj ff°e ~\/2\ lS H+<d Ais-^e' 



where 9 and are functions on HW / f 2 whose expan- 
sion starts as: 



V P J 



3/ 2 



(21) 



e (— ) =1 SF 



Thus the complete Lagrangian for the quarks is: 

L x = Lo + LYuh = X R (i$-M + i)xL + h.c. (22) 

with M =diag(0, 0,m T ). 

Since we are interested in the computation of the con- 
tribution to the SM Higgs H effective potential, we can 
set £ = = r) = 0. 



THE LITTLEST HIGGS MODEL AS A NON 
LINEAR SIGMA MODEL 

Quartic divergences 

In order to compute the contributions to the Higgs 
potential coming from scalar and gauge boson loops it 
is useful to study the LH model as a particular case of 
gauged non-linear sigma model (NLSM) based on the 
coset K = G/H = SU(5)/SO(5) (see @ for a review on 
gauged NLSM). To start with we will turn off the gauge 
interactions by taken g\ ' = 0. Then the L lagrangian 
is: 



Lo = $tr[(^S)(^S)t] 



(23) 



This lagrangian can be written also as a NLSM la- 
grangian 



1 



(24) 



where 7r" are Gaussian coordinates on K and the K met- 
ric is defined as: 



9af3 = -rtr 



f 2 <9E d£t 



(25) 



4 dir a d-K$ 
This metric can be split as 

g a p = S a /3 + A Q ^(7r) (26) 

where 



A q6 (tt) 



?tr(T a T/3iyr 7 + TaTsTpTy 



3!/ 2 

g 



(27) 



and we have written n as II = ir a T a with the T a ma- 
trices normalized so that trT Q T' 3 = S al3 . Now we con- 
sider the coupling of the NLSM with any other field <f> 
which for simplicity will be taken to be a real scalar. 
The corresponding action can be written as S[n, <fi] = 
Sq[tt] + S'[tt,4>]. The effective action for the 4> ne ld can 
be obtained by integrating out the GB fields it. However 
this integration is not trivial at all. Due to the geometri- 
cal nature of the NLSM, not only its action, but also the 
integration measure, must be G invariant and covariant 
in the K coset sense Thus the proper <f> effective 

action is given by: 



iS[ir,4>] 



(28) 



The measure factor ^Jg can now be exponentiated to find 

(29) 



'' * ] = I [d7r]e i(5[7r ' 0I+Ar[7rl) 



4 



with 



AI>] = —8(0) J dx\og{\ + A) 



= -^(0)E^ =1 ^^ | dxtrA fe (30) 

where by using the notation dk = d D k/(2n) D with D 
being the space-time dimensionality so that: 



6(0) 



dk 



In the dimensional regularization scheme one has 

iDi 



(31) 



(32) 



but using an ultraviolet cutoff A to define divergent in- 
tegrals 



6(0) 



dk 



A 4 



2(4tt) 2 



(33) 



which obviously does not vanish. Then, in order to take 
into account the invariant measure effects in the NLSM 
one needs to add to the classical lagrangian the term 



So -» So + AT 



(34) 



whenever one is not using dimensional regularization. It 
is not difficult to see that this term is formally of the 
same order as the one-loop contributions. 

On the other hand the GB contribution to the Higgs 
effective potential is defined as 



r e//M = - f dxV e ff(n) 



where 7r is a constant field and 



with 



St: 







(35) 



(36) 



(37) 



At the one-loop level the last equation can be written as 
SSo[ir]. 



8tt 







(38) 



and then the NLSM action can be expanded as 
S [W + 7r'] = S [tt] 



+ 



X - J dxdy7T ,a (x) 



S 2 S 



Sn a (x)6Trl 3 (y) 



^(y) 
(39) 



Therefore we have 



r eff [W] = So[W] + -Tr log(l + GO) + ... (40) 



where the inverse GB propagator is 

{Gtr 1 = -a x s xy s af3 

S xy being the short for 5(x — y) and 
S 2 



o?2 



(41) 



(42) 



xy 6ir a (x)57TP{y) 

In order to compute the Higgs effective action we only 
need to consider t 
and then we have 



need to consider the case ir =cte which means d^ir = 



O^(tt) = -A af3 (lf)n x 6 xy . 



Therefore we get 



TeffM = ^Tr^ =1 ^—(OG) k + ... 



(43) 



(44) 



or 



i f / A 2 A 3 
^e ff m = -6(0) dxt r (A- — + — 



+... (45) 



This effective action has exactly the same form as the 
measure term discussed above so finally we get: 



r e// [7f] + Ar[7f] = o 



(46) 



Therefore we arrive to the important conclusion that the 
GB do not contribute to the Higgs potential in any NLSM 
at the one loop level and in particular this is the case for 
the SU(5)/SO{5) LH model. 



Gauge fixing and the Faddeev-Popov terms 

In the following we will concentrate on the gauge 
bosons in order to be able to compute their contribu- 
tion to the Higgs effective potential. Thus we turn on 
again the gauge boson fields in the NLSM: 



L a = ^tr[(D M E)(D /1 E)+] 



(47) 



The covariant derivative can be written in terms of the 
mass eigenstates as: 



d^-igW^Ql^ + EQf) 

ig R W';{Q a R i: + HQf) - ig'B^YH + Y,Y T )) 

ig"B'(Y'^ + ^Y' T )) (48) 



5 



where the different couplings and generators are defined 
as: 



and 



Ql = Q a ,+Q a 2 , 



9 = 9l 



9i 92 



V9J+9I 

y = y 1 + y 2 , 



9 = 



9x92 



9rQr 



^9? + 92 
9lQl-9lQ% 

\fg~l + gl 



2 _ 1 1 2 2 1 2 2 \ 
9r = -^{9is% + g 2 

, lv , _ 9?Yx - g' 2 2 Y 2 



g"Y' ee 



y/9? + 92 



= \{9?s%,+g?c%,). 



(49) 



The first four definitions correspond to the diagonal 
group (SU(2) x J7(l))i+2 and the last four to the ax- 
ial group (SU(2) x U(l))i~ 2 . Notice that gn and g" are 
functions of the mixing angles ip (f° r the SU(2) group) 
and i/j' (for the U(l) group). 

Expanding the Lagrangian we obtain the gauge and 
GB mixed terms: 



L 



wn 



— Lbyi — 0, 



L B 'n = M' B d^B'^, 



(50) 



where e = (£ + + D/A £ 2 = - D/A £° = 
£ 3 and i] are the GB which will give masses to the 
heavy gauge bosons W and B' . Following the standard 
Faddeev-Popov procedure it is not difficult to find the 
gauge fixing and the ghost Lagrangian. The first one is 
given by 



Lgf = -^{d»W'; + a 'MU a ) 2 

- ^W«Y-^B,)\ (51) 

which cancels the unwanted mixing terms (|50[) and makes 
the propagator well defined. For a gauge boson the 
Faddeev-Popov Lagrangian is 



Lfp = J dyc a {x) 



where 



(52) 



(53) 



ir a ) = d^Al + aM A n a . 

In the general case the effect of the gauge transformations 
on the GB and the gauge boson fields A® will be 

7r' a = n a + ^{-n)9 a {x) (54) 



A'^A^d^+gC^A^ 



(55) 



where (tt) are the Killing vectors corresponding to the 
gauge symmetry on the coset and C abc are the structure 
constants. The covariant derivative is defined as: 

D^ a = d^ a - gn a a {n)Al (56) 

so that the gauge fixing terms is: 

r(A> Q )=d^+ 5 a K > Q (57) 

and the Faddeev-Popov Lagrangian can be written as: 

L FP = c a Dc a - gC abc c a d^c b A" c + gaK a a n ab c a c b . (58) 

Then ghost-GB interaction is given by 

AL = gaK a a K ab c a c b . (59) 

Therefore if we work in the Landau gauge, that is a = 0, 
there are no ghost-GB interactions. This fact will be 
useful later for the computation of the gauge boson con- 
tribution to the Higgs effective potential. 

In this gauge the quadratic part of the gauge boson 
lagrangian is just: 

L Q = ~f^((n + Ml) 9llv - d»d v + 2ig^)n u (60) 

where f2 stands for any of the gauge bosons: 

fF = {W ,fia , W» a , B'», B^), (61) 

which are the mass matrix eigenstates with masses 

M a = (M^l3x3,0 3x 3 ,M B ,,0), (62) 

and ^6x6 is the interaction matrix between the gauge 
bosons and the Higgs doublet, given in Appendix A. 

THE EFFECTIVE POTENTIAL 

In order to obtain the one-loop Higgs effective potential 
we consider constant Higgs fields, i.e. d^H = 0. Thus we 
have: 



S e ff [H] 



dxV e f f (H). 



(63) 



Remember that we found that GB do not contribute to 
this effective potential at the one-loop level. In addition, 
by using the Landau gauge, we do not have to consider 
any ghost field at this level. Then the effective action is 
obtained just by integrating out the b, t and T fermions 
and the W, W, B and B' gauge bosons: 



iSW/[ff] _ 



,iS[H, x ,n] 



(64) 
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with 



S[H,x,£i]= I dx{d fl Hd^H + L x + h 



(65) 



By using standard techniques (see for instance the 
one-loop effective action can be written as: 



where N c is the number of colors and, A t and At are, 
respectively, the SM top Yukawa coupling and the heavy 
top Yukawa coupling, given by: 



A, 



A1A2 



v^?Ta 



A? 



(72) 



Se ff [H] = J dx(d^Hd»H + S f [H] + S g [H]) (66) 
And then, the effective potential can be written as: 



V eff (H) = V f (H) + V g (H) 



(67) 



where Vf(H) and V g (H) are the fermionic and gauge bo- 
son contribution to the Higgs effective potential respec- 
tively. The general form of the effective potential is 



Veff(H) 



\{HH 



tV2 



(68) 



where we keep only the first two terms which are the rele- 
vant ones for the clcctrowcak symmetry breaking and, in 
particular, for the computation of the Higgs mass. Obvi- 
ously, at the one-loop level the /j, 2 and the A parameters 
have separated contributions from the fermionic and the 
gauge sector, 
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Ms 



A f + A 



(69) 



Fermionic contribution 



In this case the one-loop computation is exact since the 
action is quadratic in the fermionic fields corresponding 
to the t, b and T quarks. Details of the computation of 
the fermionic contribution to the effective action and the 
Higgs effective potential parameters, /i 2 and A/, are given 
in [Tj (see Fig. 1 for the contributing Feynman diagrams) . 
For the purpose of illustration and the final discussion of 
this paper, we summarize here the fermionic contribution 
at one loop level to these Higgs potential parameters: 



/4 



Ar rn%\ 2 , 



f 



A2_ 

2 



in 



(70) 



and 
A/ 



(4tt) 2 
log I 1 



2(A? + A T )^ 



™2 



P 

2m T 



;A? + A 2 



4A? 



+ 4 (A T + A 2 ) 2 ) 



4A T - 



1 



1 I T 

A 2 

4A^logfA! 



2Aj Xn 



(71) 



H X H 



H X H 



Figure 1: Fermionic one-loop diagrams contributing to the 
Higgs potential with \ — t, b or T. All possible combinations 
of these particles appear in the loops. 



Gauge bosons contribution 

Here we concentrate in the gauge boson contribution 
at one loop level to the Higgs effective action, S g [H] . We 
use the Landau gauge for the reasons discussed above. 
The Higgs effective action can be expanded as: 

S g [H] = ^Trlog[f + 2GI] = l -^ =1 t^ Tr{2 GI) k 



where the gauge boson propagators are given by: 

k^k" 



(73) 



o2r (*,») = 



„ e -ik{x-v) 



-<] 



[lis 



k 2 -M 2 , , 

U / ab 



(74) 



and the interaction operators are: 

I ab (x,y) = (I 2 (x) + I 4 (x))S(x - y)6 ab (75) 

In order to obtain the gauge boson contribution to the 
/i and A parameters we only need to consider the terms 
k = 1 and k = 2 in the expansion (|T3"|) . The generic 
one-loop diagrams are shown in Fig. [2J Then we have to 
compute for k = 1: 

S^iH] = zTrG(/ 2 +/ 4 ) 



iTi n I dx I dk 



1 



fJLV 



k^k 1 



(A 



a a 
2 



k 2 - Ml V k 2 
= -3£ a / dx{ir + IF)I (M na ) , (76) 



7 




After some work, these two terms are found to be: 




Figure 2: Gauge bosons loops contributing to the Higgs ef- 
fective potential. Here Q = w' 1 ' 2 ' 3 , W 1 ' 2 ' 3 , B' or B and all 
possible combinations of these boson appear in the loops. 



and for k = 2: 



sfm = -i 



GI 2 GI 2 



iTiab I dxdydkdp 



k 2 



■ 



fc 2 - Ml 12 + 4 ' 

—ip(y—x) _ 



(a P"Pl>\ e (}ba , }ba) 

= -3S Qb J dxifl b 2 a I{M 2 a ,Ml) + 0(H 6 ) . 

(77) 



= - 



(47T) 



t\2 



I 12/2 



^M 2 ,, log ( 1 



(s 2 + s 2 2 )A 2 , (5? + 3 2 2 )A : 



•,'2\ 



16/ 2 



5 ; 2 



16/ 2 



16/ 2 



Mr;, log 1 



A 2 
M%, 



A 2 
4/2 



- 5 ' 2 M 2 , log [ 1 



g 2 + gl 

16/ 2 



A 2 
M 2 



w 



(78) 



and 



8 



(4tt) 2 



t^2 



dx(HH ] ) 



16 9 



1 + 



+ log 1 



A2 



A 2 



+ g' 



14 



-1 



1+ Mk 



+ log 1 + 



A2 



1 / / A 2 

' i6( 5 2 + 52 2 )( 5 ; 2 + 5 ; 2 )m 2 / ,- M %, x r ^' log i, 1 + mj;, 



Ml, log 1 + 



A 2 
Ml, 



2 ,(5 2 -5 2 2 ) 2 



8( 5 ? + ff2 2 ) l0g(1 



A 2 

M 2 , 



> (7k + is 4 + k?' W^S 



16' 



16' 



A 2 
M 2 , 



A 2 - 
M 2 



(79) 



From these effective actions we find, for the Model I, 



64tt 2 



3 5 2 M 2 / , log 1 



A 2 



+ ff 2 M 2 ,log^l + 



A 2 
M 2 



(80) 



(16^/) 2 

,'2 71^2 i „ 





9 2 


c 2 s 2 


'2 '2 


A 2 A 




Ml, J 


(i- 



A 2 + .^M 2 ,, log ( 1 + 



A 2 
M 2 



c 2 s 2 



+ 2<? 



'2 ( c % s 4> + s % c 4>) 2 f 2 



( c V) s -0 + s2 c ^) 2 / 2 



2 2 

ctstc. 



„2 „2 \2 



'2 '2 ]tf2 _ Jur2 
.l,8„i, IVI R' 1V1 W' 



+ f log ( 1 + )( 3. 9 4 + 2(3. 9 2 + g 2 )g 2 ( ^ 2 j£ ) + / 2 log ( 1 + A * 



r 2 s 2 



V~ ' m 2 , 



+ / 2 log (3/ + .g' 4 + 8 fl V 2 ) - 3/ 2 — ! ' 



-/ 



2 3 



1 - 



„2 „2 '2 '2 /Vf2 _ M 2 



V 4 + 2( ff 2 + 5 2 ).g' 2( ^ ^ 



'2 '2 



(81) 



In the context of Model II, a similar computation gives: 



64tt 2 



M^, 



(82) 



As (16tt/) 2 



-^ 2 -A 2 + i|. 9 ' 2 A 2 + ff 2 M 2 / ,log 



A 2 



A 2 



/2\ 2 ( g2 C ^) 2 



+ /1o H 1 + m^J iv+w+zv^ 



c 2 



+ / 2 log ^)(3.g 4 + 5 ' 4 + 8.9V 2 )- 3/ 2 - 



c 2 s 2 

■0 v> „ 



(83) 
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To summarize the fermion and gauge boson contribu- 
tion to the Higgs effective potential parameters at the 
one loop level is given by the sum of the results for /Lt 2 
and A in the fermion sector, eqs. ([70)) and (fTTj) , and the 
corresponding results for the gauge boson contributions 
in Model I, eqs. ((80j) and (81]), or Model II, eqs. ([82|l 
and 



NUMERICAL RESULTS AND DISCUSSION 

In this section we discuss about the previous results 
and make some comments on the constraints that they 
could impose on the LH parameter space in order to re- 
produce the SM Higgs potential. It is well known that 
this potential has a minimum when /x 2 = Xv 2 . Further- 
more, /i is forced by data to be at most of order 200 GeV. 
By imposing these conditions we can obtain the corre- 
sponding allowed region of the parameter space of the 
LH model. For example, in [?| we have obtained that the 
lowest allowed value of fj, was of order 500 GeV consid- 
ering only the third generation quark sector. Therefore 
additional contributions are required. In this work we 
have computed the complete one-loop contributions to 
the Higgs potential in the framework of the LH model. 
However we also found that higher-loops scalar contri- 
butions are still needed in order to get a Higgs mass 
light enough to be compatible with the experimental con- 
straints. 

If we want to study the allowed region of the param- 
eter space in these models, we should also take into ac- 
count other constraints imposed by requiring the con- 
sistency of the LH models with electroweak precision 
data. There exist several studies of the corrections 
to electroweak precision observables in the Little Higgs 
models, exploring whether there are regions of the pa- 
rameter space in which the model is consistent with 
data 0, S S, i, El O O Q El . In the Model I with 
a gauge group SU(2) x SU{2) x U(l) x U(l) one has a 
multiplet of heavy SU (2) gauge bosons and a heavy U (1) 
gauge boson. The last one leads to large electroweak cor- 
rections and some problems with the direct observational 
bounds on Z' bosons from Tevatron LUJ, Ll2] . Then, a very 



strong bound on the symmetry breaking scale /, / > 4 
TeV at 95% C.L, is found [ll|]. This bound is lowered to 
1 — 2 TeV for some region of the parameter space [l2| by 
gauging only SU{2) x SU{2) x U(l) (Model II). In the 
following, we will adopt this model and we consider both 
/ about 1 TeV and 4 TeV in the numerical analysis. 

For the Model II the obtained fi and A depend on the 
heavy top mass hit , the heavy gauge-bosons mass Mw' , 
the coupling constant At, the symmetry breaking scale / 
and the cutoff A. In addition, one has the mixing angles 
ip (for the SU(2) group). Since we have only one U(l) 
group, we do not have to consider neither Mb 1 nor the 
mixing angle ip' and g" . 



M„- [TeV 




0.9 

f [TeV] 



Figure 3: M w i as a function of cosi/j and /, with 0.8 TeV 
< / < 1 TeV. 



These LH model parameters can be bounded as fol- 
lows: From the top mass it is possible to set the bounds 
on the couplings Ai, A2 > m t /v or A1A2 > 2(m t /v) 2 [H]. 
As a consequence, we get the bound At > 0.5 [7j. On 
the other hand, in order to avoid a large amount of fine- 
tuning in the Higgs potential one has to require tot < 2.5 
TeV 0, H . If tot is greater than about 2 TeV, the can- 
cellation of the one-loop quadratic divergences from the 
top sector to the Higgs boson mass requires some tuning 
to give an answer for to# below 220 GeV. This cancel- 
lation depends on the relation tot = Af + A|. Since 
Tot grows linearly with /, then / should be lesser than 
about one Te V M| . Finally, A is restricted by the condi- 
tion A ~ 47t/ [16| . Taking into account these restrictions 
on the parameters At, / and A, we set as first the follow- 
ing ranges: 0.5 < A T < 2, 0.8 TeV < / < 1 TeV (which 
implies a heavy top mass of about 2.5 TeV) and accord- 
ingly 10 TeV < A < 12 TeV. We have checked that these 
ranges of the parameters are compatible with the predic- 
tions for corrections to the best-measured observables, 
the on-shell mass of the W, the effective mixing angle in 
Z° decay asymmetries and the leptonic width of the Z°, 
as given in [8j. In the above paper the corrections from 
heavy gauge bosons are included but those possible cor- 
rections coming from a vev of the scalar SU (2) triplet are 
not considered. A more detailed analysis can be found 
in 0. 

Then, we also include in our numerical analysis a dis- 
cussion on the allowed region of the LH parameter s pac e 
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space 

M 



for the case of / = 4 TeV. As established in 
this value of the symmetry breaking scale / is also al- 
lowed by the precision electroweak observables. Notice 
that this value of / implies that tot is always greater 
than 5.7 TeV, when A T > 0.5. A fine-tuning of 0.8% is 
estimated for a Higgs mass of 200 GeV [Hj]. Besides, one 
gets M w > > 2.6 TeV. 
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0.49 




Figure 4: Values of At, A and cos?/), with 0.5 < At < 2, 10 
TeV < A < 12 TeV, < cosip < 1, M w , > 0.7 TeV and 
/ = 0.95 TeV, which satisfy the condition /i 2 = At; 2 . 

Let us discuss now briefly how the heavy gauge boson 
masses depend on mixing angles ip. We know that Mw 
is of the order of / ~ TeV (see eq.(j9])) and from these 
equations we can obtain restrictions on the mixing angles. 
In Fig[3] we show the dependence of Mw on cos ip and 
the scale /. We found that 0.5 < cosip < 0.8 implies 
masses smaller than 0.6 TeV and then these values for 
cosip can be ruled out. From this results we get the 
preferred ranges: cosip < 0.5 or cosip > 0.7. 

Taking into account the above bounds on the LH model 
parameters we now focus on obtaining the corresponding 
fi values according to our previous one-loop computation 
which includes both, the fermionic and gauge bosons con- 
tributions. We find that, in the case of the Model II, the 
lowest allowed value for [i is [i =0.34 TeV being At=0.7, 
/ =0.8 TeV, A =11.95 TeV and cosip =0.2. However, as 
discussed in 0], it is also needed to add in principle the 
additional constraint /i 2 = Xv 2 . Then in Fig[4]we show 
as an example the allowed regions for the Model II. Two 
different regions can be found. This is due to the mixing 
angle coming from the heavy gauge boson mass. In this 
case the lowest value for \i is \i =0.491 TeV corresponding 
to A T =0.55, / =0.95 TeV, A=10 TeV and cos?/> =0.47. 
Therefore it is clear that the condition /x 2 = Xv 2 is rele- 
vant in order to constraint the possible values of the LH 
model parameters. 

A similar analysis have been done for / = 4 TeV. The 
results are shown in Fig [51 The allowed region is smaller 
in this case. The reason for obtaining just some points of 
the parameter space allowed by the condition /i 2 = Xv 2 
is that /i 2 has a logarithmical dependence on the energy 
scale A and a linear dependence on / coming from the 
new heavy particle masses, while A depends quadratically 
on A/ (4tt/). Therefore, greater values of A leads to a dis- 




Figure 5: Values of At, A and cos?/>, with 0.5 < At < 2, 

< cos ip < 1 and / = 4 TeV, which satisfy the condition 
fi 2 = \v 2 . 

advantageous region for fi 2 — Xv 2 . In this case the lowest 
value for /i is /.i =0.916 TeV corresponding to At =0.68, 
/ =4 TeV, A=50 TeV and cosip =0.086. 

From the above results, it is clear that is difficult to 
satisfy the condition /i 2 = Xv 2 with /i about 200 GeV, as 
expected by the precision electroweak measurements [17] . 
We also show in Fig[S]the contours of the viable regions in 
the At-/ plane with the condition /j, 2 = Xv 2 . The values 
of the mixing angle ip are fixed to the values cosip = 0.1 
(top panel) and cosi/' = 0.7 (bottom panel). We check 
that the results for cos?/' closed to 1, i.e cos?/; = 0.995, 
are similar to the ones for cos?/' = 0.1. The condition 
A < 4irf is imposed. One can see that values of / around 

1 — 3 TeV are the preferred ones for our selected choices 
of the LH parameters. However the /x values are higher 
than about 350 GeV for all cases. Therefore, it is clear 
that it is not enough to consider the one-loop effective 
potential of the LH model. 



CONCLUSIONS 

In this work we have completed the computation of 
the one-loop effective Higgs potential in the context of 
two versions (Model I and Model II) of the LH model. 
In particular we have obtained the values of the radia- 
tively generated fi and A parameters. Our computation 
includes the effect of virtual heavy quarks t, b and T, 
together with the heavy and electroweak gauge bosons 
present in the LH model. We have also clarify the role of 
the GB when a cutoff is used to regulate the ultraviolet 
divergencies. These GB do not contribute to the Higgs 
effective potential at the one-loop level but they do at 
higher orders. The values of \x and A that we get have 
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Figure 6: Contours of the viable regions in the At-/ plane 
with the condition /i 2 — Xv 2 — 0. cosip is fixed to = 0.1 (top 
panel) and 0.7 (bottom panel). 



the right signs and are compatible in principle with all 
the phenomenological constraints set on the LH model 
parameter space. 

However the values found for the [i parameter are too 
high to be compatible with the expected Higgs mass, 
which should not be larger than about 200 GeV according 
to the electroweak precision data. This problem is even 
worst if one takes into account the relation fj 2 = Xv 2 
which must hold on the /i and A parameters of the ef- 
fective Higgs potential to reproduce the SM. As a con- 
clusion the low-energy, one-loop effective potential of the 
LH model cannot reproduce the SM potential with a low 
enough Higgs mass to agree with the standard expec- 



tations. However there are some indications suggesting 
that higher order GB loops could reduce the Higgs boson 
mass so that complete compatibility with the experimen- 
tal constraints can be obtained. Work is in progress in 
order to check if this is really the case 18 1. 



APPENDIX A 

From |J7J| it is possible to find the gauge bosons cou- 
plings to doublet Higgs, needed for our computations, 
which turn to be: 

• Massless gauge bosons-massless gauge bosons: 



1,2,3, 



9 



'2 



1 



4 , :if2 (HH^)B^, 
\gg \H°*H+ + H°H + *)W^B t ' 



-gg'{H°*H + - H°H+*)W 2 B'' 



H + H + *)W*B». 



Heavy gauge bosons-massless gauge bosons: 



(84) 
(85) 

(86) 
(87) 
(88) 







(89) 


g B , B HH^B'^, 




(90) 


- 9w b (H°*H + + H a H~ 




(91) 


-i g w , B (H°*H + - H°H- 




(92) 


- g w >B(H Q H Q * -H+H- 


-*)w'3b>*, 


(93) 


- gB>w(H°*H + + H°H- 


-*)B'^\ 


(94) 


-i g B , w (H°*H + - H°H- 




(95) 


- g B >w{H°H * - H+H- 




(96) 



J 



• Heavy gauge bosons-heavy gauge bosons: 
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w>w [3( 5 ?+ gl) 2 {H«*H+ + H°H+r + ±glg 2 2 {HH^) 2 ] - ^HH^W'Jw'^, 
[gww [-3( 5 2 + g 2 ) 2 (H°*H+ H»H+*) 2 + Ag 2 g 2 {HH^) 2 } \g 2 HH^ w' 2 W' 2 ^ 
[g w , w , [-12(g 2 + g 2 ) 2 (H° H°* H + H + *) + (lOgfg 2 + 3(gf + g 4 2 ))(HH^) 2 ] \g 2 HH^ W^W' 3 ^, (99) 



(97) 
(98) 



3( 5l +g 2 4 ) + l0 5lff ; 2 



gB'B 

gw>B>(H°*H+ +H () H + *)W' I }B^ 1 
i gw>B>(H a *H+ - H°H + *)W' 2 B'>*, 
g w , B '{H°H * + H+ H+*)W' 3 B . 



{Hrff - -g' 2 HH^ \ B^B'L 



(100) 

(101) 
(102) 
(103) 



The different couplings appearing above are given by: 



gww 
gww 

gwB 
gwB' 



_ 3(31-92) 

_ g'{g\-g 2 ) 



48/ 2 ( S ; 2 + s ; 2 ) : 

_ g'(9i 2 -g 2 2 ) 
Wg'i 2 +92 2 ' 

/ '2 '2\ 

_ 3(3i ~g 2 ) 
V9i 2 +92 2 ' 



V(9f+32 2 )(s; 2 +32 2 )' 



APPENDIX B 



The integrals appearing in our computations are: 



h{M 2 ) = 


\ d % 2 -M 2 


h(M 2 ) = 


j dp ~{p 2 -M 2 ) 2 


h{M 2 ) = 


[ dp ~p 2 (p 2 -M 2 ) 


/a(0) s 








h(M 2 ,M 2 ) = 


1 dp (p» - M2)(p2 



Using an ultraviolet cutoff A these integrals are found to 
be: 



I (M 2 ) 
h{M 2 ) 
I 2 (M 2 ) 

Mo) 

h(M 2 a ,M 2 ) 



1 



(4tt) 2 
1 



(4tt) 2 
1 

(4^)2 
1 

(i^j 1 

1 



A 2 - AT 2 log ( 1 

log [ I 
log 



A2_ 

M 2 



1 



A2_ 

f A/ 2 

A_. 

Af 2 



M 2 



A 2 

2 



m 



1 



(4tt) 2 Mi 
AT 2 log[ 1 



-A/ 2 
A2_ 

A/, 2 



M 2 log(^l 



A2_ 

Af 2 



where m is an infrared cutoff. 
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